Charge trapping properties of electrons and holes in ultrathin nitride-oxide-silicon ͑NOS͒ structures were quantitatively determined by variable-temperature electrostatic force microscopy ͑EFM͒. From charge retention characteristics obtained at temperatures between 250 and 370°C and assuming that the dominant charge decay mechanism is thermal emission followed by oxide tunneling, we find that there are considerable deep trap centers at the nitride-oxide interface. For electron, the interface trap energy and density were determined to be about 1.52 eV and 1.46ϫ 10 12 cm −2 , respectively. For hole, these are about 1.01 eV and 1.08ϫ 10 12 cm −2 , respectively. In addition, the capture cross section of electron can be extracted to be 4.8ϫ 10 −16 cm 2 . The qualitative and quantitative determination of charge trapping properties and possible charge decay mechanism reported in this work can be very useful for the characterization of oxide-nitride-silicon based charge storage devices.
I. INTRODUCTION
Si 3 N 4 / SiO 2 / silicon ͓nitride-oxide-silicon ͑NOS͔͒ electret structure is widely applied to electronic devices such as nonvolatile charge memories. For example, since 1967 by Wegener et al., 1 metal-nitride-oxide-silicon ͑MNOS͒ structure and its various derivatives such as metal-oxide-nitrideoxide-silicon ͑MONOS͒, silicon-nitride-oxide-silicon ͑SNOS͒, and silicon-oxide-nitride-oxide-silicon ͑SONOS͒ structures have remained as one of the state-of-the-art techniques for nonvolatile semiconductor memories ͑NVSMs͒.
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ONO-based memories are inexpensive, highly integrated, and can be expanded to store two bits of data per memory cell. 3 The top oxide layer in ONO-based memories, also called the blocking oxide, allows the scaling of nitride layer because it cannot only inhibit gate injection, 4 but also block the charges injected into nitride at the oxide-nitride interface, 5 resulting in a higher trapping efficiency for ultrathin nitride layer. Therefore, the total thickness of the ONO structure ͑and consequently, the programming voltage͒ can be reduced. As the thickness of nitride becomes thinner, the charges trapped at top oxide-nitride ͑ON͒ and nitride-bottom oxide ͑NO͒ interfaces become more considerable relative to charges trapped in the nitride layer. It has been suggested that charges stored at or near the NO interface exhibit both deeper trap energy and longer retention time. [6] [7] [8] Hence, the properties of ultrathin ONO memory structures are more likely governed by interface charge traps rather than by the bulk trapping properties of nitride.
Several previous studies have reported that ON or NO interface is responsible for the large amount of captured charges [7] [8] [9] [10] [11] [12] [13] [14] and can be explained by the excess silicon at interfaces, [15] [16] [17] which can capture both electrons and holes. However, up to now, only a few attempts have been made to quantitatively determine the charge trapping properties at the NO interface. Suzuki and Hayashi have reported that there are abundant trap centers at top oxide-nitride interface with a density of 2.3-2.5ϫ 10 13 cm −2 and the capture cross section of ϳ6 ϫ 10 −14 cm 2 . 10 In the work of Ma et al., both ON and NO interface trap densities on the order of 10 12 cm −2 were reported, which depend on the growth conditions of dielectric layers. 18 Kim and Choi reported a deep trap energy of about 1.9 eV near the ON interface. 19 In these works, interface trapping properties of electron were determined. By contrast, only a limited number of reports have discussed the hole trapping properties in nitride or nitride-oxide interface. 17, 20, 21 Furthermore, the trap energy, density, and capture cross section of trap centers at NO interface have never been simultaneously determined on one set of samples using the same measurement method. Since variations in growth conditions, dielectric stack structures, and measurement techniques can result in a large variation of extracted charge trapping properties, a systematical study of all these trapping properties for both electron and hole on one specific sample set using the same experimental method is highly desirable.
In this work, we employ the technique of variabletemperature electrostatic force microscopy ͑EFM͒ to study the trapping properties ͑trap energy, trap density, capture cross section, etc.͒ of elementary charges ͑both electron and hole͒ in ultrathin NOS structures. The contact potential difference ͑CPD͒ induced by electrons or holes trapped in the electret structures is directly measured by EFM under highvacuum conditions. Thus, the transistor structure such as that used in ONO-based memory is not needed for determining charge trapping properties. Moreover, the vacuum gap between electret sample and the EFM tip can inhibit charges escaping or injection. As a result, the top blocking oxide layer conventionally used to separate the nitride layer from the conducting gate is also not necessary. These advantages allow us to study the interface trapping properties by using a simple, as-grown NOS structure, which has only one nitride-oxide interface. And, it is easier for data analysis in comparison to the more complicate ONO-based device structures.
Although charges could also be trapped in oxide or oxide-silicon interface, 22 their retention times are much shorter than that of charges trapped in nitride or at nitrideoxide interface. Kang et al. 23 reported a retention time on the order of 120 s using scanning capacitance microscopy. Buh et al. 24 have also studied the decay of trapped charge in an oxide-silicon structure using EFM. They demonstrated that both negative and positive charges are trapped with the density on the order of 10 10 cm −2 and the retention time on the order of 10 3 s. The same order of magnitude of retention time was also reported in the work of Paulsen et al. 25 using the charge-pumping technique. All the retention times reported in these works were measured at room temperature. Since the data acquired in our work was measured at temperatures between 250 and 370°C, the oxide charges would detrap rapidly with the retention time much shorter than 10 3 s. Consequently, we assume the trapped oxide charges are not significant in our variable-temperature EFM measurements. Furthermore, in our technique, the measured CPD represents the contact potential difference between charged and uncharged surface regions. Therefore, all intrinsic charges uniformly distributed in the sample, which are irrelevant to the injected charges, can be treated as background and eliminated in the CPD measurements.
II. SAMPLE PREPARATION AND EFM MEASUREMENTS
The silicon oxide and silicon nitride thin layers in our NOS samples were formed by thermal oxidation ͑in dry O 2 at 900°C͒ and low-pressure chemical vapor deposition ͑in a mixture of SiCl 2 H 2 and NH 3 at 750°C͒, respectively, on p-type Si͑001͒ wafers with a resistivity of about 10 ⍀ cm. The layer thickness of oxide ͑d ox ͒ was 22 Å for all samples. The layer thickness of nitride ͑d n ͒ was 30 Å for sample NOS͑30/ 22͒ and 61 Å for sample NOS͑61/ 22͒, respectively. These thicknesses were measured by ellipsometry.
The charge trapping properties in NOS samples were quantitatively determined by an environment-controlled, variable-temperature scanning probe microscopy system ͑Seiko Instruments, SPA-300HV͒. Both detection and injection of charges were performed under high-vacuum conditions ͑10 −6 -10 −7 Torr͒, which allow higher charge detection sensitivity and prevent the local charging process from the effects of probe-induced anodic oxidation. 26, 27 Probes used in this work were PtIr-coated Si probes with a typical tip radius of about 20 nm and were electrically grounded. When the probe was not used for charge detection or injection ͑such as during the thermal detrapping process of stored charges͒, it was lifted away from the sample surface. During measurements, the probe was operated under the intermittent contact mode with tip oscillation amplitude of ϳ100 nm and at oscillation frequency f 0 of ϳ60 kHz ͑slightly lower than its resonance frequency͒. Both ac and dc voltages ͓V ac sin͑2f 1 t͒ + V dc ͔ were applied to the silicon substrate, where the dc voltage V dc could be adjusted to nullify the output signal of lock-in amplifier ͑i.e., the EFM signal͒ on the surface ͓this operation mode is also called Kelvin probe force microscopy ͑KPFM͔͒. The EFM signal measured the electrostatic force at the modulation frequency ͑f 1 Ϸ 65 kHz͒. Figure 1 shows the schematic drawing of the EFM system. By using the dual-modulation scheme at two noninterfering modulation frequencies ͑f 0 and f 1 ͒, AFM surface topography and EFM charge image can be simultaneously obtained.
While injecting charges, the probe was operated under the contact mode in high vacuum and at room temperature. By applying a charge injection bias V inj at silicon substrate, charges can tunnel from the tip and then are trapped in the nitride layer or at the NO interface. In this process, the bottom oxide plays the role of the blocking oxide, which not only efficiently blocks charges crossing at the NO interface, but also prevents charges injection from the silicon substrate. Figure 2͑a͒ shows the EFM charge images of charge lines and dots on the NOS͑30/ 22͒ sample. The charge lines were created at room temperature with V inj = −7 V / + 6 V and tip scan speed of ϳ1 mm/ s. The charge dots were created with V inj = ± 10 V square wave at frequency of 10 kHz and tip scan speed of ϳ1.4 mm/ s. These results indicate that both electrons and holes can be injected from the conducting tip into the NOS͑30/ 22͒ sample with voltage pulses of ϳ10 s and V inj Ͻ 10 V.
The charges trapped in the nitride layer or at the NO interface can escape from their trap sites at elevated temperatures. The determination of possible escape pathways is important for understanding the charge decay mechanism. The decrease of EFM signal after prolong sample heating indicates that some trapped charges have escaped from the trapping sites. However, the linewidths of the EFM profiles do not broaden significantly after heating. This experimental observation can be explained by using the charge decay mechanism that the escaped charges tunnel into the silicon substrate before their possible lateral diffusion. Consequently, in this work, we assume that the dominant decay mechanism is thermal emission followed by oxide tunneling process.
The EFM signal, as shown in Fig. 2 , is not a simple function of the density of charges in NOS, but proportional to the product of ‫ץ‬C / ‫ץ‬d and ͑CPD+ V off − V off 0 ͒V ac . 28, 29 The offset voltage on the NOS surface without injected charges, V off 0 ͑the contact potential difference between the tip and the Si surface beneath the uncharged NO stack͒, is typically about −700 mV at room temperature. On the charged NOS surface, the offset voltage ͑V off ͒ is V off 0 −CPD for nullified EFM signal, where CPD is positive ͑negative͒ on positively ͑negatively͒ charged surface. Although ‫ץ‬C / ‫ץ‬d depends on the capacitance C between the tip and the sample ͑a function of tip-sample geometry͒ and the tip-to-sample distance d, the value of ‫ץ‬C / ‫ץ‬d is irrelevant when EFM signal is nullified ͑i.e., CPD+ V off − V off 0 =0͒. Therefore, the shape and vertical position of tip do not have any significant influence on the CPD measurement. Although the modulation amplitude V ac typically equals to 0.5 V in our measurements, the CPD value does not change significantly with V ac in the range of 0.1-1.0 V. This indicates that the space-charge density in silicon can be considered as a quasistatic distribution.
The CPD measured on NOS can be related to the spatial distribution of charges, which in principle can be calculated by solving the Poisson equation. 30 To quantitatively determine the charge trapping properties, charges were injected into 2 ϫ 2 m 2 squares and the CPD values were measured on the center of charged areas to avoid the boundary effects. Figures 3͑a͒ and 3͑b͒ show the CPD images of negatively and positively charged areas on NOS͑30/ 22͒ with V inj = +8 and −8 V, respectively. These images were measured at 250°C after the sample was baked at this temperature for about 16 h. The CPD values on the centers of negatively and positively charged areas are about −530 and +500 mV, respectively. The uncertainty of CPD measurement is typically only about 30 mV. The good lateral uniformity of CPD implies a uniform distribution of trapped charges in the lateral directions. Therefore, the space-charge density in silicon substrate si ͑x , y , z͒ could be written as si ͑z͒ ͑unit: traps/ cm 3 ͒, where z is the axis perpendicular to the surface. By using one-dimensional Poisson equation, the static surface charge density on silicon ͑unit: traps/ cm 2 ͒ could be written as
where si is the electrical potential at silicon surface, T is the absolute temperature of sample, si is the permittivity of silicon, n po and p po are the equilibrium densities of electrons and holes in the bulk of p-type silicon, ␤ ϵ q / k B T ͑q is the electronic charge and k B is the Boltzmann's constant͒, and L D ϵ ͱ si / qp po ␤ is the extrinsic Debye length for hole. In Eq.
͑1͒, the positive sign is used for si Ͻ 0 and the negative sign is for si Ͼ 0. Figures 4͑a͒ and 4͑b͒ show schematic band diagrams of the NOS structure with si Ͼ 0 and si Ͻ 0, respectively. While measuring CPD, the static surface charge density ͑ m ͒ on the tip is zero since the electrostatic force is nullified by adjusting V off . This is equivalent to that the static electric field in the space between the tip and the sample surface is zero. Therefore, the total static charge density in NOS is also zero: ͐ n ͑z͒dz + i + ͐ si ͑z͒dz = 0, where n ͑z͒ ͑unit: traps/ cm 3 ͒ is the trapped charge density in nitride film and i ͑unit: traps/ cm 2 ͒ is the trapped charge density at NO interface. If we assume n ͑z͒ is uniform, i.e., n ͑z͒ = n , using the Gauss' law, we can obtain 
where ox and n are the permittivities of silicon oxide and silicon nitride, respectively. Thus, the si could be determined from
where t is the total trapped charge density ͑unit: traps/ cm 2 ͒. If we know the value of n and i , we can obtain the relationship between CPD and t from Eqs. ͑1͒-͑3͒. Figure 5 shows the calculated results of CPD as a function of t on the NOS sample with different parameters ͑d n , i , n , and T͒, which can be used for the conversion of measured CPD values to trap charge densities.
III. QUANTITATIVE MODELING OF CHARGE RETENTION
To determine the trap energies of charges trapped in nitride or at NO interface, we studied their retention behavior at elevated temperatures. Figure 6 shows some possible charge decay processes in an ultrathin NOS structure:
͑1͒ Direct tunneling of electrons ͑holes͒ through the oxide from the NO interface trap centers into the silicon conduction ͑valence͒ band. The tunneling probability is denoted as e tb . ͑2͒ Thermal excitation of trapped electrons ͑holes͒ from the trap centers in nitride or at NO interface to the nitride conduction ͑valence͒ band. The thermal emission rate is denoted as e th when we employ the Shockley-Read-Hall ͑SRH͒ model 32, 33 and is denoted as e esc when we apply the simple quantum mechanical model suggested by Aozasa et al.
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͑3͒ Direct tunneling of electrons ͑holes͒ through the oxide from the nitride conduction ͑valence͒ band into the silicon conduction ͑valence͒ band. The probability of this oxide tunneling is denoted as e bb .
Although direct tunneling of electrons ͑holes͒ from the NO interface traps into the oxide-silicon interface trap state 6 . Some possible charge decay processes in the ultrathin NOS structure: ͑1͒ Direct tunneling of trapped electron ͑hole͒ from the NO interface trap into the silicon conduction ͑valence͒ band with tunneling probability e tb . ͑2͒ Thermal excitation of trapped electron ͑hole͒ from the trap center in nitride or at NO interface to the nitride conduction ͑valence͒ band with thermal emission rate e th or e esc , depending on the model adopted. ͑3͒ Direct tunneling of electron ͑hole͒ from the nitride conduction ͑valence͒ band into the silicon conduction ͑valence͒ band with tunneling probability e bb .
is also possible, 6 its tunneling probability e tt is much smaller than e tb . Therefore, this trap-to-trap charge decay processes are ignored here.
At high temperatures ͑typically above 150°C͒, the thermal excitation dominates the charge decay process. 20 In this work, retention behaviors were studied at temperatures between 250 and 370°C. Therefore, we assume that the thermal emission followed by oxide tunneling process is the main decay process, and the retention time of trapped charges can be written as where c is the capture cross section, m n * is the effective mass in nitride, h is the Planck constant, E t is the trap energy, and ␣ is the combination of temperature independent constants in Eq. ͑6͒. From Eqs. ͑4͒ and ͑7͒, the retention time at temperature T can be given by
This implies that charges with larger trap energies also show longer retention times at a given temperature. Besides, Eq. ͑8͒ can be further written as
Therefore, if retention times at different temperatures are determined, the trap energy E t and the temperature independent constants ␣ can also be determined from the linear relationship between log͑T 2 ͒ and 1 / T. Since the retention time depends on the trap energy E t , i.e., = ͑E t ͒, the retention behavior of charges trapped with trap energy E t can be written as n ͑E t ,t͒ = n0 ͑E t ͒exp͓− t/͑E t ͔͒ ͑10͒
for charges trapped in the nitride layer, and
for charges trapped at the NO interface. Here, n0 ͑E t ͒ ͑unit: traps cm −3 eV −1 ͒ and i0 ͑E t ͒ ͑unit: traps cm −2 eV −1 ͒ are the initial trapped charge density at trap energy E t in the nitride layer and at the NO interface, respectively. Then, the total trapped charge density of all trap energies in the bulk nitride layer and at the NO interface can be written as
respectively. Here the subscript E gn indicates the integration is performed with the entire nitride band gap. From Eq. ͑3͒, the total trapped charge density can be written as
͑14͒
where t0 ͑E t ͒ = n0 ͑E t ͒d n + i0 ͑E t ͒ is the initial total trapped charge density at trap energy E t . In the simple quantum mechanical model, the thermal emission rate e esc is given by
where A esc is the attempt-to-escape frequency. From simple quantum mechanical model, A esc Ϸ E t / h is a temperature independent constant. From Eqs. ͑4͒ and ͑15͒, the retention time at temperature T is given by
In contrast to Eq. ͑9͒, the relationship between trap energy E t and attempt-to-escape frequency A esc can be determined from
Since e th , as described in Eq. ͑7͒, is proportional to T 2 , e esc is larger than e th at low temperatures. Although the simple quantum mechanical model is typically used for temperatures below 150°C, the feasibility of this model is also verified by comparing the extracted value of A esc with ␣T 2 , as described below in the discussion section. Figure 7͑a͒ shows the variation of CPD with time t measured on NOS͑30/ 22͒ at 250°C. To obtain the value of retention time , the relationship between total trapped charge density t and time t is required. From Eqs. ͑1͒-͑3͒, we can convert the value of CPD to t when the values of n and i are known. Since n and i have not been determined yet, we cannot directly convert the CPD value to t . However, we can assume two extreme charge distributions: ͑I͒ t = i and n =0; ͑II͒ t = n d n and i = 0. By using the correlative curves shown in Fig. 5 for converting CPD to t , we obtain two corresponding values of t ͑t͒ with respect to the two extreme distributions, as shown in Fig. 7͑b͒ . Since the realistic trapped charge distribution lies in between these two extreme charge distributions, the real value of t at time t also lies in between these two values of t ͑t͒. In Fig. 7͑b͒ , both electrons and holes, with respect to these two distributions, show the similar retention behavior: t decreases quickly in the first 30 h of sample heating and then decay exponentially; i.e., it follows a linear relationship in the log͑ t ͒-t plot. From Eqs. ͑8͒, ͑10͒, and ͑11͒, this exponential decay implies a single-valued and also a constant deep trap energy E td . Besides, the relatively long also means that charges remained trapped at t Ͼ 1800 min with the deep trap energy of E td . If the trap centers related to E td are distributed at NO interface, i.e, t0 ͑E td ͒ = i0 ͑E td ͒, the initial charge density t0 ͑E td ͒ is 1.66± 0.21ϫ 10 12 cm −2 for electron and is 1.00± 0.16ϫ 10 12 cm −2 for hole. If these deep trap centers are uniformly distributed in nitride, i.e., t0 ͑E td ͒ = n0 ͑E td ͒d n , t0 ͑E td ͒ is 1.33± 0.21ϫ 10 12 cm −2 for electron and is 0.75± 0.15ϫ 10 12 cm −2 for hole. To locate the exact spatial locations of these deep trap centers, we performed a control experiment on NOS͑61/ 22͒ at 275°C. Since oxide and nitride films on all samples were grown under identical conditions n0 ͑E td ͒ and i0 ͑E td ͒ between different NOS samples should be the same when all trap sites in NOS are filled. Figure 8͑a͒ shows the CPD changed with time t on NOS͑61/ 22͒, where charges were initially injected by four different V inj ͑±11.6 and ±10 V͒. In Fig. 8͑a͒ , electrons ͑holes͒ injected with V inj = + 11.6 V ͑−11.6 V͒ have about the same CPD as injected with V inj = + 10 V ͑−10 V͒, implying that all the trap sites in NOS͑61/ 22͒ had been filled up with V inj = ± 11.6 V, which corresponds to an electrical field of about 11.7 MV/ cm in the nitride film. The same electric field also occurred on NOS͑30/ 22͒ with V inj = ± 8 V. Accordingly, it is reasonable to assume that all trap sites are initially filled on both samples. Therefore, if the deep trap sites are distributed at NO interface, their initial charge density i0 ͑E td ͒ on NOS͑61/ 22͒ remains the same as NOS͑30/ 22͒. However, if they are uniformly distributed in nitride, their initial charge density n0 ͑E td ͒d n on NOS͑61/ 22͒ will approximately double since d n increases from 30 to 61 Å. Figure 8͑b͒ shows the log͑ t ͒ − t plot with two possible values of t , which are converted from CPD by using the correlative curves shown in Fig. 5 . In the case of all deep traps distributed at the NO interface, the initial charge density is and i0 ͑E td ͒ shown in Figs. 7͑b͒ and 8͑b͒, we deduce that these deep trap centers are distributed at the NO interface. Besides, their initial charge density i0 ͑E td ͒ is 1.46± 0.30 ϫ 10 12 cm −2 for electron and 1.08± 0.23ϫ 10 12 cm −2 for hole.
IV. EXPERIMENTAL RESULTS
Finally, to determine E td of these deep trap centers distributed at the NO interface, we studied their retention behavior at different temperatures. Figure 9͑a͒ shows the CPD variation with time t on NOS͑30/ 22͒ at 250, 290, 330, and 370°C. The data acquired at 250°C are identical to the data shown in Fig. 5͑a͒ , where only charges at the NO interface remained at the end. Therefore, the subsequent data acquired at higher temperatures also represent the retention behavior of charges trapped at the NO interface. Figure 9͑b͒ shows the corresponding ͑log i ͒ − t plot with the time appropriately adjusted at each temperature. The linear relationship shown in Fig. 9͑b͒ represents a well-defined retention time at each temperature T. Figure 10 shows the relationship between T 2 and 1 / T, where of interface charges at different temperatures come from the fitting results in Figs. 7͑b͒ and 9͑b͒ . The linear relationship shown in Fig. 10 also indicates single, well-defined trap energy. These results imply that these charges are trapped at the same type of trap centers. From Eq. ͑9͒, we obtain the trap energy of these interface trap centers is 1.52± 0.10 eV for electron and 0.91± 0.06 eV for hole. Besides, the value of ␣e bb is about 2.20ϫ 10 3 K −2 for electron, resulting in the temperature independent constants ␣ = 6.91ϫ 10 9 K −2 , which is of the same order of magnitude as the result of Kim et al. 39 ͑ϳ2.2ϫ 10 9 K −2 ͒. For hole, ␣e bb is about 3.60ϫ 10 −3 K −2 , resulting in ␣ = 1.54ϫ 10 7 K −2 .
V. DISCUSSION
The prior trap energies were extracted by assuming that thermal emission followed by oxide tunneling is the dominant decay mechanism. Two types of thermal emission rate, e th and e esc , based on two different thermal models are employed in our work. The valid condition of the SRH model is e th Ͼ e esc . From Eqs. ͑7͒ and ͑15͒, this condition becomes ␣T 2 Ͼ A esc Ϸ E t / h. For electron traps, it is valid when temperature T Ͼ 230 K. Since T in our experiments is 523-643 K, SRH model remains valid. And, the determined electron trap energy is ϳ1.52 eV. By contrast, the valid condition of SRH model for hole traps is T Ͼ 3780 K. Therefore, the thermal emission rate for hole should be taken from the simple quantum mechanical model. Figure 11 shows the relationship between and 1 / T. Using Eq. ͑17͒, the interface trap energy for hole is determined to be 1.01± 0.03 eV. Besides, the value A esc e bb Ϸ 9.06ϫ 10 3 Hz is also extracted, resulting in the attempt-to-escape frequency A esc Ϸ 3.86 ϫ 10 13 Hz. Although E t / h Ϸ 2.45ϫ 10 14 Hz is about six times the value of this extracted A esc , this difference may 34 Although different types of thermal emission rate between electron and hole is suggested in this work, the difference in extracted values of trap energy between these two models is only about 0.1 eV. By using the simple quantum mechanical model, extracted interface trap energy is 1.62± 0.04 eV for electron and 1.01± 0.03 eV for hole. By using the SRH model, it is 1.52± 0.10 eV for electron and 0.91± 0.06 eV for hole. As a result, the electron interface trap energy is much larger than the hole interface trap energy, no matter which model is used.
Since the interface trap centers have deeper trap energies, they are more suitable for charge storage because of their extremely long retention time. For example, if all electrons are trapped at the NO interface ͑with d ox =22 Å͒, the retention time, predicted from Fig. 10 , could be about 120 years at 150°C. As a result, using NOS or ONOS with ultrathin nitride layer can effectively reduce the number of charges with smaller trap energies, resulting in an increase of the retention time of memory cell. Therefore, the deep trap centers at NO interface may explain the large activation energy obtained in the studies of ONOS flash memories. 3, 19, 40 Since the value ␣ for electron trap has been determined, the capture cross section c can be extracted by using Eqs. ͑6͒ and ͑7͒. Taking m n * = 0.4m 0 , 41 we obtain c ϳ 4.8 ϫ 10 −16 cm 2 , which corresponds to an effective radius r 0 Ϸ 1.23 Å. In comparison with the covalent radius of a silicon, 1.17 Å, it suggests that Si-Si defects may be responsible for the deep traps for electrons. 42 From the Mott's model, 43 an electron ͑or hole͒ trapped at the neutral Si-Si bond can induce a Coulomb force to its surrounding atoms and results in their displacements. The displacements of ions can then form a potential to the trapped electron. By introducing an effective radius r 0 = 1.23 Å, we obtain the trap energy from Mott's formula: E t Ϸ q 2 /4 n r 0 Ϸ 1.67 eV, which agrees well with our result: E td Ϸ 1.52 eV. Gritsenko et al. have also reported a similar value of trap energy. 44 However, the capture cross section obtained in their results is on the order of 10 −13 cm 2 . Such a large capture cross section was also detected in many studies on nitride or nitride-oxide interface. 11, [45] [46] [47] We believe that the dissimilarity in the capture cross section might come from the different nature between thermally assisted discharge and electric field assisted discharge. Gritsenko suggested that large capture cross section in the model of Si-Si defect may be due to its polarization under the electric field. 42 In this case, charge may escape from one trap site assisted by the electric field and then be captured by another trap site, which shows long-range dipole potential induced by the electric field. Thus, large capture cross section is acquired by using the current-voltage characteristics or the redistribution of charges after applying a voltage.
The Si-Si defect has been thought as an amphoteric trap center, i.e., both electron and hole can be trapped in a Si-Si defect, resulting in the same trap density for electron and hole. In our results, the densities of deep trap centers at NO interface are estimated to be 1.46± 0.30ϫ 10 12 cm −2 for electron and 1.08± 0.23ϫ 10 12 cm −2 for hole. Moreover, electron and hole trap energies are quite dissimilar ͑1.52± 0.10 vs 1.01± 0.03 eV͒. Although a different hole trap energy was also reported in the Si-Si defect model and might be explained by the asymmetric relaxation of the silicon atoms while the Si-Si bond with captured hole, 17 the large difference in trap densities indicates that the hole trap might have a different origin. Since many properties of Si-Si defects or other possible candidates of deep trap centers have not been well confirmed yet, our results could be useful for ascertaining the origin of trap centers in NOS, at least for the interface electron traps.
VI. SUMMARY
We have studied the charge trapping properties for both electron and hole at high temperatures by using EFM. We find that there are considerable trap centers for both electron and hole with deep trap energies in the NOS structure. We have determined that these deep trap centers are located at the nitride-oxide interface with a density of 1.46± 0.30 ϫ 10 12 cm −2 for electron and 1.08± 0.23ϫ 10 12 cm −2 for hole. By assuming thermal emission followed by oxide tunneling process as the dominant charge decay mechanism, the trap energies of these deep trap centers are estimated to be 1.52± 0.10 eV for electron and 1.01± 0.03 eV for hole. Furthermore, we find that the thermal emission rate of the deep traps can be described as e th = ␣T 2 exp͑−E t / k B T͒ for electron, and e esc = A esc exp͑−E t / k B T͒ for hole. From the temperature independent constant ␣ of electron, we obtained the electron capture cross section c Ϸ 4.8ϫ 10 −16 cm 2 . These results support the Si-Si defect ͑excess silicon͒ model for interface electron traps. The determination of trapping properties and possible decay mechanism for both electron and hole can be beneficial for the detailed characterization of ONO-based memory cells.
